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CODES, METHODS, AND APPARATUS FOR 
OPTICAL ENCODING AND DECODING 

FIELD OF THE INVENTION 

The invention pertains to optical communication systems. 

BACKGROUND OF THE INVENTION 

Code-division-multiple-access (CDMA) methods have 
been used in satellite communication and wireless tele- 
phony. CDMA methods are spread-spectrum methods for 
multiplexing and demultiplexing a plurality of data-carrying 
electromagnetic signals onto a single transmission medium. 
These data signals are distinguished by encoding with 
different complex spectral or temporal codes. The resultant 
spectra of the encoded data signals are much broader than 
the spectra of the uncoded data signals. The number of data 
signals that can be successfully multiplexed and demulti- 
plexed in a CDMA system is dependent on the complexity 
of the coding. CDMA codes are traditionally divided into 
"chips," defined as a temporal duration of the shortest 
temporal feature encoded onto the data signal. Larger num- 
bers of chips permit larger numbers of users, or, 
alternatively, the less inter-user interference for a fixed 
number of multiplexed data signals. 

Radio-frequency (RF) CDMA makes use of binary phase 
codes in which each chip assumes one of two values for the 
phase of the electromagnetic field that carries data signals. 
Such binary codes can be generated in real time with fast 
sequences of shift registers. Code-generation algorithms for 
the production of binary CDMA code sets include algo- 
rithms that generate Gold codes, Kasami codes, maximal 
sequence length codes, JPL codes, and Walsh codes. 

One alternative to using these code sets is to generate new 
code sets with Monte Carlo or other code-search algorithms. 
However, as the number of code chips increases, the com- 
putational time of these algorithms becomes impractically 
long. This computational time is further increased if non- 
binary CDMA code sets are needed, i.e., codes having chips 
that assume more than two levels. 

Optical CDMA systems use passive optical encoding and 
decoding with, for example, dillraclion gratings. Since the 
coding and encoding are performed passively, no fast digital 
logic is needed to encode or decode the optical signal. 
Therefore, optical CDMA systems are not limited to the 
binary phase or amplitude codes used in RF CDMA. 

Finding new code sets, particularly for use in optical 
communication systems can be difficult and time- 
consuming. Therefore, methods and apparatus for generat- 
ing code sets and especially large-chip-number code sets 
having predictable cross-talk characteristics are needed. 
Also needed are encoders and decoders for encoding and 
decoding, respectively, an optical field or other electromag- 
netic signal using such codes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of a data -transmission 
system using 3-chip supercodes and 3-chip subcodes. FIG. 
2A is a schematic diagram of a subcode of an encoded data 
pulse. 

FIG. 2B is a schematic diagram of a supercode of an 
encoded data pulse. 

FIG. 2C is a schematic diagram of a composite-coded data 
pulse, obtained by combining the subcode of FIG. 2A with 
the supercode of FIG. 2B. 

FIG. 2D is a schematic diagram of a subcode encoder that 
produces a subcode-encoded data pulse. 
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FIG. 2E is a schematic diagram of a supercode encoder 
that receives the subcode-encoded data pulse of FIG. 2D and 
produces a composite-coded data pulse. 

FIG. 2F is a schematic diagram of a supercode decoder 
5 that receives a composite -coded data signal and produces a 
subcoded data signal. 

FIG. 2G is a schematic diagram of a subcode decoder that 
receives a supercoded data signal and produces a decoded 
data signal. 

FIG. 3A is a schematic diagram of a fiber Bragg grating 
for encoding or decoding a subcode. 

FIG. 3B is a schematic diagram of a fiber Bragg grating 
for encoding or decoding a supercode. 
15 FIG. 4 is a schematic diagram of a reconfigurable encoder 
for applying a selected composite code. 

FIG. 5A is a schematic diagram of a transmitter that 
transmits optical signals coded with a composite code. 

FIG, 5B is a schematic diagram of the reconfigurable 
A ° encoder shown in FIG. 5A. 

FIG. 6A is a schematic diagram of a fiber Bragg grating 
that encodes a subcode. 

FIG. 6B is a graph of refractive- index variations as a 
25 function of position in the fiber Bragg grating of FIG. 6A. 

FIG. 6C is a schematic diagram of a fiber Bragg grating 
that encodes a supercode. 

FIG. 6D is a graph of refractive- index variations as a 
function of position in the fiber Bragg grating of FIG. 6C. 
30 FIG. 7 is a schematic diagram of a receiver that decodes 
an optical signal coded with a composite code. 

FIG. 8A is a graph of power as a function of time for an 
optical signal encoded and decoded with a matched com- 
posite code. 

35 FIG, SB is a graph of power as a function of time for an 
optical signal encoded and decoded with unmatched com- 
posite codes. 

FIGS. 9A-9C are graphs of power as a function of time 
4Q for encoding and decoding an optical signal with a matched 
code and with unmatched codes. 

FIGS. 10A-10C are graphs of power as a function of time 
for encoding and decoding an optical signal with a matched 
composite code and with unmatched composite codes. 

45 DETAILED DESCRIPTION 

FIG. 1 is a schematic of a data transmission system 101 
that produces a data signal 103 from a data source 105. As 
shown in FIG. 1, the data signal 103 is represented as a 

50 binary, on-off modulation of an electromagnetic carrier such 
as an optical carrier. The on-off modulation is selected for 
convenience only, and other modulations can include phase, 
amplitude, intensity, and frequency modulation. In addition, 
non-binary modulation having more than two modulation 

55 levels can be used. 

A supercode encoder 107 receives the data signal 103 and 
applies a predetermined code Ri selected from a code set R 
to the data signal 103. For purposes of illustration, a code 
Ri={l, -1, 1} is selected and applied to a representative bit 

60 109 of the data signal 103. As specified by the code R, the 
encoder 107 receives the bit 109 and transforms the bit into 
a "supercoded" bit packet 111. The supercoded bit packet 
111 includes super-coded bits ("superb its") 113-115 that are 
relatively delayed by a delay time Trc, wherein Trc is a 

65 supercode chip duration. In addition, the phase of the 
superbil 114 is inverted, while the phases of the superbits 
113, 115 are unchanged. The encoder 107 applies the code 
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Ri to the entire data signal 103 to produce a supercoded data 
signal that is a sum of superb its corresponding to all respec- 
tive bits of the data signal 103, 

A subcode encoder 117 receives the supercoded data 
signal and applies a code Si selected from a code set S. For 
purposes of illustration, a code Si={-1, i, -1} is selected. 
The code Si is applied to the supercoded bit packet 111 to 
produce a combined subcoded and supercoded ("composite- 
coded") bit packet 121 that includes subcoded bits 123, 125, 
127, corresponding to respective superbits 113, 114, 115, 
The encoder 117 encodes each of the supercoded bits 
113-115 by relatively delaying portions by a delay time Tsc 
wherein Tsc is a subcode chip duration, and changing the 
phase of the supercoded bits 113, 115, to produce the 
corresponding subcoded bits 123, 125, 127. The encoder 117 
applies the code Si to the supercoded data signal, producing 
a composite-coded data signal. 

The encoders 107, 117 apply codes from respective sets 
R, S to the data signal 103. If the sets R, S contain Nr and 
Ns codes, respectively, then NrxNs different encodings are 
available. For example, if sets R, S each include 5 codes, 
then 25 encodings are possible. Thus, the number of avail- 
able encodings increases as the product of Nr and Ns 
increases so that large numbers of encodings are possible 
even with small code sets. In addition, the sets R, S can be 
subsets of a large code set and can include different or 
identical codes. In this way, a set of N codes can be used to 
produce N 2 different encodings. 

FIG. 1 illustrates encoding, with two sets of codes (sets R, 
S), but additional code sets can be used to further increase 
the number of available encodings. Subcode bits 113-115 
can be further encoded with a code set Q having Nq codes, 
so that the number of available encodings is NrxNsxNq. 
Codes obtained by combining two or more code sets such as 
the code sets R, S are referred to herein as "composite 
codes." 

The encoders 107, 117 can be electronic, acoustic, or 
optical encoders, depending on the type of signal to be 
encoded or decoded. Optical encoders are described in, for 
example, U.S. patent applications Ser. No. 09/354,851, 
TIME-WAVELENGTH MULTIPLE ACCESS OPTICAL 
COMMUNICATION SYSTEM AND METHOD, Ser. Nos. 
09/115,331, 09/120,959, SEGMENTED COMPLEX FIBER 
GRATING, Ser. No. 09/115,331, SEGMENTED TASM 
GRATINGS, and U.S. Pat. No. 5,812,318 which arc incor- 
porated herein by reference. 

The codes Rl, Si used above are selected as representative 
examples. More generally, codes include two or more 
"chips" that specify modulations to be applied to a signal. 
The chip modulations are applied to a signal at relative times 
differing by a chip duration Tc. Thus, a code and a chip 
duration specify an encoding of a data signal. A supcrcodc 
is further specified by an interchip duration. A code R, 
having a total duration Tr, a number of chips Nr, and a chip 
duration Trc, and a code S, having a total duration Ts, a 
number of chips Ns, and chip duration or interchip delay 
Tsc, are effectively orthogonal as decoded if Tr^Tsc. A 
composite code can be produced from the code R (a 
subcode), and from the code S (a supercede). The composite 
code has a given duration equal to the duration of the 
supercode and has a number of chips equal to the product of 
the number of chips of the subcode and the supercode. The 
chip duration is equal to the subcode chip duration. In the 
composite code, the subcode is repeated a number of times 
equal to the number of chips in the supercode. 

Code sets and chip durations of supercodes and subcodes 
(and sub-subcodes) are preferably selected so that a data 
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signal encoded with a particular composite code is decoded 
only with a matching decoding composite code. Decoding 
with an unmatched composite code produces only a noise- 
like background or low amplitude "sidelobcs" or 
"crosstalk." 

Given temporal orthogonality between a supercode and 
the subcode (i.e., low-amplitude cross-correlation and noise- 
like background), composite code sets of sufficient orthogo- 
nality can be generated from a code set with a small number 
of chips if the codes of the code set are sufficiently orthogo- 
nal. A code in a composite code set can be generated by 
using a selected code of the code set as a supercode and 
another selected code of the code set as a subcode, A 
composite code set comprises all combinations of super- 
codes and subcodes. For example, if a code set has M codes 
each containing Nm chips, then the composite code set 
contains MxM codes each having NmxNm chips. 

FIG. 2A illustrates a single data bit after encoding with a 
5 -chip subcode that can be represented as {l , 1, 0, 1, 1 }. The 
data bit is divided into five portions that are relatively 
delayed by a delay time Trc. In this code, one portion, 
corresponding to "0", has no data-pulse amplitude. 

FIG. 2.B illustrates a data bil encoded with a 5-chip 
supercode that can be represented as {1, 1, 1, 0, 1}. The 
subcoded data bit is replicated once for each of the non-zero 
chips of the supercode and each subcoded bit is multiplied 
by a code value associated with a corresponding supercode 
chip. Both the supcrcodc and subcode have temporal fea- 
tures of approximately the same duration, but the chip- 
spacing features are greater (for the supercode) than the 
duration of the entire subcode, so that Tr^Tsc, wherein Tr 
is a duration of the subcode and Tsc is a supercode chip 
spacing. The total duration of the subcode of FIG. 2 A is less 
than or equal to the interchip spacing of the supercode. 

FIG. 2C illustrates a data bit after encoding with the 
subcode and supercode that produce the codings of FIGS. 
2A-2B, respectively. The encoding of FIG. 2 C is equivalent 
to encoding with a composite code defined by this subcode 
and supercode. 

The procedure for generation of composite codes can be 
extended beyond the two sequential levels shown in FIG. 1 
and FIGS. 2A-2C to include three or more levels to provide 
longer composite codes. Furthermore, composite code sets 
can be generated with code sets having different numbers of 
chips for the codes used to define the supercodes and 
subcodes. 

Optical encoders and decoders for generating composite 
codes can include those disclosed in the references cited 
above. Using the linear spectral filtering techniques 
described in these references, composite codes can be opti- 
cally encoded and decoded onto optical data streams. Rep- 
resentative encoders/decoders using optical circulators and 
reflective fiber Bragg gratings are discussed below. Other 
encoders/decoders use beam splitters, or diffraction gratings, 
to simultaneously encode or decode both a subcode and a 
supercode. In addition, a subcode and supercode can be 
encoded or decoded in any order, or simultaneously, and the 
subcoding and superceding operations can be performed at 
a single location or at different locations. 

FIGS. 2D-2E illustrate two-stage optical encoding using 
the codes of FIGS. 2A-2C. FIG. 2D shows a single incom- 
ing data pulse 201 that is received by a subcode encoder 211 
comprising an optical circulator 213 and a fiber Bragg 
grating 215, selected to encode a selected subcode. A 
subcoded data pulse 217 exits the subcode encoder 211 
through an exit port 219 of the optical circulator 213. As 
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shown in FIG. 2E, a supercode encoder 231 receives the 
subcoded data pulse 217. The supercode encoder 231 com- 
prises an optical circulator 233 and a fiber Bragg grating 235 
that encodes a selected supercode. A data pulse 241 pro- 
duced by the supercode encoder 231 is coded according to 
a composite code. 

FIGS. 2F-2G illustrate two-stage optical decoding. FIG. 
2F shows a supercode decoder 243 that receives the 
composite -code -encoded data pulse 241. The supercode 
decoder 243 comprises an optical circulator 251 and a fiber 
Bragg grating 253. The fiber Bragg grating 253 is selected 
to correspond to the supercode to be decoded. The fiber 
Bragg grating 253 removes the supercode from the data 
pulse 241 and a resulting supercode-decoded data pulse 254 
exits via an exit port 255. The data pulse 254 corresponds to 
a subcode-encoded data pulse. If the fiber Bragg grating 253 
decodes a supercode that does not match the supercode of 
the data pulse 241, then the output of the supercode decoder 
243 is a noise-like, low-power signal. 

FIG. 2G shows a subcode decoder 261 that receives the 
subcode -encoded data pulse 254. The subcode decoder 261 
comprises an optical circulator 263 and a fiber Bragg grating 
265 for decoding a selected subcode. A decoded data pulse 
271 exits the subcode decoder through an exit port 260 of the 
optical circulator 263. If the data pulse 254 is encoded with 
a subcode that matches the fiber Bragg grating 265, then the 
subcode is stripped and the output of the subcode decoder 
261 is a non-encoded optical data pulse. If the subcode of the 
data pulse 254 does not match that of the subcode decoder 
261, then the output of the subcode decoder 261 is a 
noise-like, low-power signal. 

FIG. 3 A is a schematic diagram of a segmented fiber 
Bragg grating ("fBg") 301 for encoding or decoding a 
subcode. The fBg 301 comprises grating segments 305 and 
fiber lengths 355. The grating segments 305 have periodic 
variations in an index of refraction of a fiber core or 
cladding, as discussed in U.S. patent application Ser. No. 
09/120,959. The grating segments 305 and the fiber length 
407 extend a length corresponding to a subcode chip time 
Trc along the direction 307. The fBg 301 has 5 chip 
segments 311-315 and encodes a code R={1, 1,0, 1,1}. 

FIG. 3B is a schematic diagram of an fBg 351 for 
encoding or decoding a supercode. The fBg 351 comprises 
grating segments 353 and fiber lengths 355. The grating 
segments 353 have lengths corresponding to I'rc of the fBg 
351 but are separated by a length corresponding to a chip 
number times Trc, i.e., 5Trc for the example. The fBg 351 
encodes a 5-chip supercode and has 5 chip segments 
361-365. 

For efficient subcode and supercode encoding/decoding, 
grating segment lengths are approximately equal for a 
matched subcode and supercode fBg. In addition, the spatial 
period of the chip segments 361-365 of the supercode 
grating 351 is larger than the total length of the subcode 
grating 301. This guideline is a result of matching the 
bandwidths of the subcode and supercode fBgs, Also the 
total duration of a subcode is preferably less than or equal to 
the duration of a supercode chip (i.e., the chip segments 
361-365). Similar guidelines apply to other linear spectral 
filtering devices used for encoding and decoding of sub- 
codes and supercodes. 

FIG. 4 is a schematic diagram of a switched encoder 400 
that can apply any of a hundred distinct composite codes 
onto an input data pulse. (A corresponding switched decoder 
has a similar construction.) The switched encoder 400 of 
FIG. 4 receives a single data pulse 402 or multiple data 
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pulses from a modulated data source 401 at an optical 
circulator 403. The optical circulator 403 delivers the data 
pulse to a 1x10 switch 405 that selectively directs the data 
pulse to one of ten segmented fiber Bragg gratings 407-416 
as controlled by an address selector 406. Each of the fiber 
Bragg gratings (ffigs) 407-416 is selected to encode a 
selected supercode. 

After supercode encoding, the circulator 403 directs a 
supercoded data pulse 422 produced by the fBgs 407-416 to 
an optical circulator 421. The circulator 421 directs the pulse 
422 to a 1x10 switch 431 that selects one of the subcoded 
fBgs 431-440 as directed by the address selector 406. A 
composite-code-encoded pulse is then produced and direct 
to an output 443 by the circulator 421. By selecting one each 
of the ten supercodes and subcodes (i.e., one each of the 
fBgs 407-416 and 431-440, respectively), 100 composite 
codes can be applied. 

An N-chip code C is conveniently represented as a set 
{CI, . . . , CN} of complex or real chip modulations G to be 
applied to an optical signal. In addition to these chip 
modulations, a kth chip includes a modulation exp(-jookT). 
For subcodes having temporally adjacent chips, T=Tchip and 
for supercodes, T=TDchip, where TDchip is a temporal chip 
spacing. 

FIG. 5A is a schematic diagram of a representative 
transmitter 501 that comprises a distributed feedback (DFB) 
laser 503 that receives an electrical data signal 505 and 
produces an optical data signal 507. As shown in FIG. 5A, 
the electrical data signal 505 and the optical data signal 507 
are binary amplitude-modulated signals. The optical data 
signal 507 produced by the DFB laser 503 comprises a series 
of laser pulses 509 or "bits" of duration of about Tpulse=25 
ps and having an optical bandwidth BWpuisc of about 35 
GHz. The DFB laser 503 emits the laser pulses 509 at a 
repetition rate of about 2.5 Gbit/s. Each of the laser pulses 
typically corresponds to a "1" bit in the electrical data signal 
505 and no laser pulses are emitted for the "0" bits. The DFB 
laser 503 can be used with an optical modulator so that the 
DFB laser 503 emits a scries of laser pulses at a selected bit 
rate, and the modulator selectively absorbs or otherwise 
modulates the pulses according to the electrical data signal 
505. An encoder 511 receives the optical data signal 507 and 
produces a composite -coded optical signal 513 that is trans- 
mitted on an optical fiber 515. The encoder includes a 
code-selection input 517 through which an ith subcode and 
a jlh supercode are selected. 

Referring to FIG. 5B, the encoder 511 comprises optical 
circulators 521, 523, optical switches 525, 527, and fiber 
Bragg gratings 531-536. The optical circulator 521 directs 
the optical data signal 505 to the optical switch 525. The 
optical switch 525 is responsive to an input 541 that directs 
the optical data pulse 505 to one of several output ports 
543-545 (corresponding to j-1, 2, or 3 respectively). As 
shown in FIG. 5B, the optical switch 525 has three outputs 
543-545 that connect to the fiber Bragg gratings 531-533, 
respectively. The fiber Bragg gratings 531-533 encode 
respective subcodes onto the input optical signal 505. The 
fiber Bragg grating 531 is selected 0=1) and reflects the 
optical signal 505 back to the circulator 521, producing a 
subcoded optical signal. The circulator 521 directs the 
subcoded optical signal to the circulator 523 that directs the 
subcoded optical signal to the optical switch 527. The 
optical switch 527 is responsive to an input 551 that permits 
selection of an ith supercode (for i=l, 2, 3) by selecting a 
corresponding fiber Bragg grating from the fiber Bragg 
gratings 534-536. In FIG. 5B, the supercode corresponding 
to i=l is selected, i.e., corresponding to the fiber Bragg 
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grating 534. The fiber Bragg grating 534 reflects the sub- 
coded optical signal, producing a supercoded and subcoded 
(i.e., composite -coded) optical signal that is directed back to 
the optical switch 527, the optical circulator 523, and to a 
fiber 515. 

In a presentative embodiment, a set of three 3-chip codes, 
{1,-1, 1}, {l, -1, -1}, and {1, 1, 1} corresponding to i=j=l, 
2, 3, respectively, is used for the subcodes and supercodes. 
Nine composite codes are formed from these codes, each of 
the nine codes comprising nine chips. The complete set of 
these nine nine -chip codes is: 

TABLE 1 

Composite codes produced with the 3-chip codes {1,-1. 1}.. 
{1, -1. and {1. 1. If used as both subcodes and supercodes. 

i j Code 



1 


1 


{1, -1, 1, -1, 1, -1, 1, -l f 1} 


1 


2 


{1, -1, -1, -1., 1. 1, 1, -1, -1, 1} 


1 


3 


{1, 1, 1, -1, -1, -1, 1, 1, 1} 




1 


{1, -1, 1, -1, 1, -1, -1, 1, -1} 




2 


{1, -1, -1, -1, 1, 1, -1, 1, 1} 




3 


{1, 1, 1, -1, -1, -1, -1,-1, -1} 


3 


1 


{1, -1, 1, 1, -1, 1, 1, -1, 1} 


3 


2 


{1, -1, -1, 1, -1. -1, 1, -1, -1} 


3 


3 


{1, 1, 1, 1, 1, 1, 1, 1, 1} 



For the subcodes, a chip time delay Tsub is selected that is 
less than or equal to the bit duration of the optical data 
signal, i.e., Tsub is less than or equal to about 25 ps. For 
convenience, Tsub is chosen to be 25 ps. 

FIG. 6 A is a schematic of a fiber Bragg grating 601, such 
as any of the fiber Bragg gratings 531-533, for encoding a 
subcode selected from the above 3-chip codes. The fiber 
Bragg grating 601 includes grating segments 603-605 that 
have respective periodic variations in refractive index in a 
core 607. In an alternative configuration, refractive-index 
variations can be provided in a cladding region 609. Optical 
signals propagate along a z-axis of the fiber Bragg grating 
601. 

FIG. 6B is a graph of refractive-index variations of the 
grating segments 603-605. In the fiber Bragg grating 601, an 
optical data signal propagates a distance L in a time t given 
by t=100 L ps/cm. (This relationship is typical of silica- 
based optical fibers). For a 3-chip subcode with Tsub =25 ps, 
each of the grating segments 603-605 of the fiber Bragg 
grating 601 are 2.5 mm long (25 ps/(100 ps/cm)), for a total 
length of 7.5 mm. Bragg gratings are defined in the segments 
603-605 each having a periodic variation in refractive index 
of a period that depends on the wavelength "K of the optical 
data signal and the refractive index ncore of the fiber core 
607. For telecommunications fibers ncore is usually about 
ncore- 1.5. For a DFB wavelength of 1550 am, the grating 
period about 516 nm. 

The fiber Bragg grating 601 encodes an optical signal 
with a selected code based upon the relative phase shifts of 
the spatial variations in refractive index in the segments 
603-605. As illustrated in FIG. 6B, the fiber segment 604 
has a 180-dcgrcc phase shift with respect to fiber segments 
603, 605 so that these segments correspond to the subcode 
{1, -1, 1}. (If an absolute phase reference is specified, this 
and other codes can be specified in terms of absolute phases 
as well as phase differences.) FIG. 6C is a schematic view 
of a" fiber Bragg grating 651 for encoding a supercode (a 
supercode fiber), such as the fiber Bragg gratings 534-536. 
The supercode fiber 651 includes grating segments 653-655 
having refractive-index variations selected based upon the 
laser pulse width and bandwidth. As shown in FIG. 6C, the 



grating segment lengths are selected to equal the subcode 
grating-segment lengths of 2.5 mm. The separation of the 
supercode grating segments is selected so that the time delay 
between adjacent chips is sufficient to span a subcoded laser 
5 pulse. Because the total duration of a subcode corresponds 
to a fiber Bragg grating length of 7.5 mm, the supercode 
grating segments have a 7. 5 -mm separation, corresponding 
to Tsc. The grating segments of the supercode grating 651 
are similar to those of the subcode grating segments 
30 603-605, having the same spatial period A and the same 
relative phases, i.e., segment 654 is 180 degrees out of phase 
from segments 653, 655, but this phase difference is not 
shown in FIG. 6D. 

FIG. 7 is a schematic view of a receiver 701 that decodes 
15 and transduces a composite-coded optical signal produced 
by the encoder of FIG. 5B into an electrical signal. The 
receiver 701 comprises a decoder 703 that includes fiber 
Bragg gratings 705-710 that arc selected to decode the 
composite codes encoded by the encoder of FIG. 5B. In 
20 addition, the receiver 701 comprises a photodetector 711, 
amplifier 713, and thresholding electronics 715. The photo- 
detector 711 converts an optical signal into an electrical 
signal and the thresholding electronics 715 provide an 
electrical signal corresponding to the decoded optical signal 
with sidelobes and/or noise-like backgrounds attenuated. 

The decoder fiber gratings 705-710 are selected to decode 
the composite codes (combined subcodes and supercodes) 
used by the encoder. The decoder fiber grating 705-710 
corresponds to a code C used for encoding and corresponds 
to a code D, wherein Di=Cnc-i*. For fiber Bragg gratings 
having moderate or low grating-segment reflectivities, the 
decoder gratings are identical to the encoder gratings but 
with the optical signals to be coded and decoded input to the 
fiber Bragg gratings from different directions. For example, 
an end 721 of the fiber grating 705 is used as an input for 
decoding, and an end 723 is used as an input for decoding. 
Alternatively, the ends 721, 723 can be used as inputs for 
encoding and decoding, respectively. 

The decoder 703 includes optical circulators 727, 729 and 
40 optical switches 731, 733. The optical switches are respon- 
sive to inputs that select a jth subcode and an ith supercode 
for decoding a composite code. Thus, the decoder 703 is 
reconfigurable. If reconfigurable coding is unnecessary, then 
a single fiber Bragg grating can be provided that encodes an 
45 optical signal with a composite code, and a single matched 
fiber Bragg grating can serve to decode this composite code. 
Providing separate fiber Bragg gratings for subcodes and 
supercodes is beneficial for reconfigurable coding. 

Decoding of a code C (either a subcode or supercode) 
having N chips, i.e., C={C1, C2, . . . , Cn} is accomplished 
with a code D={D1, D2, . . . , Dn}, wherein Di=CN-i*, where 
"*" denotes complex conjugation. A decoded optical signal 
Edccodc is then a sum (or integral) over all chips so that 
Edccodc=2CiDj-i. This sum is similar to an cross-correlation. 

FIGS. 8A-SB illustrate decoded optical signals produced 
with a matched decoder and an unmatched decoder, respec- 
tively. The matched decoded output signal of FIG. 8 A 
includes a correlation peak 803 corresponding to the input 
laser pulse. The matched decoded output also includes some 
power in one or more sidelobes 805 and a noise -like 
background 807. In contrast, the unmatched decoded output 
of FIG. 8B includes sidelobe peaks 809 superimposed on a 
noise-like background 811. 

For purposes of illustration, configurable encoding and 
65 decoding is described above with reference to 3-chip and 
5 -chip codes. Larger numbers of chips and various coding 
methods (for example, phase codes or multilevel phase 
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and/or amplitude codes) can be used. Codes having larger 
numbers of chips generally produce lower crosstalk 
(reduced sidelobe amplitude and noise-like background 
amplitude) and permit larger numbers of optical signals to be 
coded onto a single optical fiber. The higher numbers of 5 
channels requires fiber grating codes having larger numbers 
of grating segments, and can be more expensive and difficult 
to implement. For many applications, the number of chan- 
nels is selected in consideration of these factors. 

FIGS. 9A-9C illustrate decoded optical signals 901, 903, io 
905, respectively, produced by decoding a composite-coded 
optical signal (coded with {l, -1, -l}) with codes {l, -1, 
1}, {1, -1, -1}, and {1, 1, 1}, respectively. A maximum 
power associated with decoding with an unmatched code is 
referred to as ''crosstalk" or a "sidelobe." As shown in FIGS. 15 
9A and 9C, the crosstalk for these codes is 4. A maximum 
power produced in decoding with a matched code is referred 
to as a decoded signal level. As shown in FIG. 9B, the 
decoded signal level for these codes is 9. 

FIGS. 10A-10C illustrate decoded optical signals 1001, 20 
1003, 1005, respectively, produced by decoding a 
composite-coded optical signal (coded with {l, -1, -l}) 
with codes {l, -1, l}, {1, -1, -l}, and {1, 1, 1}, respec- 
tively. A maximum power associated with decoding with an 
unmatched code is referred to as "crosstalk" or a "sidelobe." 25 
As shown in FIG. IOC, the crosstalk for these codes is 36. 
A maximum power produced in decoding with a matched 
coded is referred to as a decoded signal level. As shown in 
FIG. 10A, the decoded signal level for these codes is 81. 
These longer codes do not necessarily produce an improved 30 
worst-case ratio of decoded signal to crosstalk, i.e. the 
worst-case ratio is 9:4, but in other cases the signal-to- 
crosstalk ratio is as large as 81:4. The worst-case ratio 
generally obtains for encoding and decoding with the same 
supercode but with a different subcode, or with the same 35 
subcode but a different supercode. For composite codes 
formed of three or more codes, the greater the number of 
code mismatches in encoding and decoding, the lower better 
the signal-to-crosstalk ratio, 

. .40 

For convenience above, "encoder" and "encoding" were 
used with reference to applying a code to an optical signal, 
and "decoder" and "decoding" were used with reference to 
removing or stripping a code from an optical signal. The 
terms "coder" and "coding" can be used to describe both 
applying and removing a code. In addition, decoding docs 
not necessarily return an encoded optical data signal to its 
form prior to encoding, but removes the code sufficiently to 
permit data recovery from the optical data signal 
Nevertheless, as used herein, decoding is referred to as 
"removing" or "stripping" a code from an optical data 
signal. 

Representative embodiments were discussed with respect 
to coding optical signals, but electric signals (such as 
radio-frequency signals) and acoustic signals can be simi- 
larly coded. Optical signals are typically described as elec- 
tromagnetic radiation of wavelengths between about 100 nm 
and 0.1 mm, but longer and shorter wavelengths can be 
included. In addition, subcodes are illustrated in which there 
are no temporal gaps between chips. In general, time chips 60 
need not be adjacent. 

Having illustrated and demonstrated the principles of the 
invention in a example embodiments, it should be apparent 
to those skilled in the art that these embodiments can be 
modified in arrangement and detail without departing from 65 
such principles. We claim as the invention all that comes 
within the scope of these claims. 
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We claim: 

1. A coder for coding a signal with a composite code, the 
coder comprising: 

a subcode encoder situated and configured to receive the 
signal and apply a subcode to the signal; and 

a supercode encoder situated and configured to receive the 
signal and apply a supercode to the signal, wherein the 
total duration of the subcode is less than or equal to an 
interchip spacing of the supercode. 

2. The code of claim 1, wherein the signal is an optical 
signal. 

3. The coder of claim 2, wherein the subcode encoder is 
situated and configured to direct the optical signal to the 
supercode encoder after applying the subcode. 

4. The coder of claim 2, wherein the supercode encoder is 
situated and configured to direct the optical signal to the 
subcode encoder after applying the supercode. 

5. The coder of claim 2, wherein the supercode has a 
number of chips Ncsuper and the subcode has a number of 
chips Nsub, wherein Nsub is not equal to Ncsuper. 

6. The coder of claim 2, wherein the supercode encoder 
includes a fiber Bragg grating. 

7. The coder of claim 2, wherein the subcode encoder 
includes a fiber Bragg grating. 

8. Areconfigurable coder that applies a composite code to 
an optical data signal, the coder comprising: 

a plurality of coders corresponding to respective sub- 
codes; 

a plurality of coders corresponding to respective super- 
codes; 
an optical switch; and 

an optical addressor that selects a composite code by 
configuring the optical switch so that the optical data 
signal is coded by at least a selected one of the plurality . 
of subcodes and a selected one of the plurality of 
supercodes, wherein the optical addressor designates 
the selected subcode and the selected supercode, 

9. The reconfigurable coder of claim 8, wherein the 
plurality of coders corresponding to subcodes are respective 
fiber Bragg gratings. 

10. The reconfigurable coder of claim 8, wherein the 
plurality of coders corresponding to super aides are respec- 
tive liber Bragg gratings. 

11. The reconfigurable coder of claim 8, wherein the 
subcodes have durations that are less than or equal to an 
interchip duration of the supercodes. 

12. A method of encoding a data signal, comprising: 
applying a subcode to the signal, the subcode including 

Nsub code chips of duration Tcsub; and 
applying a supercode to the signal, either prior to or after 
the subcode is applied, the supercode including Nsuper 
chips of duration Tcsuper. 

13. The method of claim 12, wherein the signal is an 
optical signal. 

14. The method of claim 13, wherein (Nsub) TCsub is less 
than or equal to TCsuper. 

15. The method of claim 14, further comprising: 
selecting a code; and 

defining the supercode and subcode based on the code. 

16. A method of rcconfigurably coding an optical data 
signal, comprising: 

selecting a set of codes for use as supercodes; 
selecting a set of codes for use as subcodes; and 
forming a set of composite codes based on the set of 
subcodes and the set of supercodes; and 



03/12/2004, EAST version: 1.4.1 



US 6,313,771 Bl 



11 



12 



applying at least one of the composite codes to the optical 
data signal. 

17. The method of claim 16, further comprising deter- 
mining an interchip duration for a supercodc to be greater 
than or equal to a duration of a subcode. 5 

18. The method of claim 16, wherein the code sets 
selected for use as supercodes and subcodes are the same. 

19. The method of claim 16, further comprising providing 
fiber Bragg gratings for applying a subcode portion of the 
composite codes. 10 

20. The method of claim 16, further comprising providing 
fiber Bragg gratings for applying a supercode portion of the 
composite codes. 

21. A method of coding an optical signal with a composite 
code, comprising: 15 

applying to the optical signal a subcode R having a total 
duration Tsub, a number of chips Nsub, and a chip 
duration Tcsub; and 

applying a supercode S having a total duration Tsuper, a 
number of chips Nsuper, and a chip duration TCsuper, ~° 
wherein Tsub^TCsuper, wherein applying the subcode R 
and the supercode S encodes the optical signal with the 
composite code. 



22. The method of claim 21, further comprising selecting 
the subcode R and the supercode S to strip a composite code 
from the optical signal. 

23. The method of claim 21, wherein the composite code 
has a number of chips equal to (Nsub)(Nsuper). 

24. The method of claim 21, further comprising selecting 
a set of sub-subcodes having a duration less than or equal to 
a duration of a subcode. 

25. A system for transmitting and receiving an optical data 
signal, comprising: 

an encoder situated and configured for applying a com- 
posite code to the optical data signal; 

a transmission medium situated and configured to receive 
the optical data signal to which the composite code is 
applied; and 

a decoder for stripping the composite code from the 
optical data signal. 

26. The system of claim 25, wherein the encoder is 
re configurable to encode a set of composite codes. 

27. The system of claim 26, wherein the encode includes 
a set of fiber Bragg gratings for encoding the set of com- 
posite codes. 
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